The subcellular pattern of cytosolic free Caz+ ([Caz+li) changes in human polymorphonuclear neutrophils (PMNs) was studied using imaging of fura-2 fluorescence (time resolution 12.5 ratiosls) to determine whether PMNs could obtain directional information from the [Ca2+li signal. [Ca2+li changes were observed during initial adherence, the subsequent chemotactic movement, and the phagocytosis of opsonized yeast particles. Initial adherence was followed by a rapid increase in [Ca2+li (from 90 k 10 to 290 f 40 nmol/L in 6.5 & 2.5 seconds; f SEM, n = IO), apparently homogeneously distributed over the entire cytoplasm, which preceded the spreading of the PMNs. [Ca"], increases after the contact of the PMNs with yeast particles were of lower mean CTIVATION OF NEUTROPHILS involves transient increases in the cytosolic free Ca2+ concentration, [Ca"Ii, which play an important intracellular messenger role. Elevation of [Ca2+Ii is required for the secretion of secondary granules and for granule-phagosome fusion.' Elevated [Ca2+Ii permits the reorganization of the cytoskeleton required during the migration of neutrophils on specific substrates.' In addition, [Ca"], transients potentiate the activation of superoxide production and may participate in further events occurring during the microbiocidal a~tivity.',~ Dual wavelength-or ratio-imaging strategies using fluorescent Ca2+ probes, such as fura-2, have been used in studies on [Ca"], in moving neutrophils.' These strategies exploit the spectral shift in fluorescence occurring on binding of Caz+ to its probe, generating pairs of images of the fluorescence observed at two distinct wavelengths. The spectral shift caused by increased [Ca2+li causes a change in the ratio of fluorescence intensities at the two wavelengths. Hence, calculating a ratio image from the pair of original images results in a representation that reflects [Ca"],. Theoretically, the ratio-imaging approach cancels out all changes in fluorescence caused by inhomogeneous distribution of the probe or in homogeneous thickness of the cells. Because these parameters affect fluorescence at both wavelengths in parallel, they are cancelled out by the ratio-imaging. tions of the ratio-imaging approach in neutrophils have been discussed in detail el~ewhere.~ For the polymorphonuclear neutrophils (PMNs), the difficulty in obtaining sufficient fluorescence signal from spreadout regions of the cells and the contribution from the sequestered probe by intracellular organelles are the most severe sources of artefacts. Several studies have used the imaging approach to correlate [Ca2+li changes with neutrophil activities, such as adherence,6 chemotactic movement: and phagocyto~is.'~~~~ Critical review of the reported data shows that certain questions central to [Ca2+Ii-linked signaling in neutrophils have not been resolved? It is still unclear whether [Ca2+Ii transients can provide a neutrophil with directional information; ie, are neutrophil movements during chemotaxis or the shape changes during engulfment of particles and during phagocytosis directed by the spatiotemporal variations of [Ca"],? If this were the case, [Ca2+li measurements with fast ratioimaging should be able to show how such directional information is spatially coded.
tions of the ratio-imaging approach in neutrophils have been discussed in detail el~ewhere.~ For the polymorphonuclear neutrophils (PMNs), the difficulty in obtaining sufficient fluorescence signal from spreadout regions of the cells and the contribution from the sequestered probe by intracellular organelles are the most severe sources of artefacts.
Several studies have used the imaging approach to correlate [Ca2+li changes with neutrophil activities, such as adherence,6 chemotactic movement: and phagocyto~is.'~~~~ Critical review of the reported data shows that certain questions central to [Ca2+Ii-linked signaling in neutrophils have not been resolved? It is still unclear whether [Ca2+Ii transients can provide a neutrophil with directional information; ie, are neutrophil movements during chemotaxis or the shape changes during engulfment of particles and during phagocytosis directed by the spatiotemporal variations of [Ca"],? If this were the case, [Ca2+li measurements with fast ratioimaging should be able to show how such directional information is spatially coded.
The present study deals with [Ca"], transients in human PMNs during adhesion, chemotaxis, and phagocytosis. We have addressed the issue of spatial signaling with an imaging approach," that overcomes some of the limitations of previous studies. Most notably, we can monitor [Ca2+]l in neutrophils with subsecond time resolution over periods up to 20 to 30 minutes. We have observed [Ca2+li changes in a large number of human PMNs during their major motile activities, ie, adherence and spreading, chemotactic migration, and phagocytosis. The results obtained suggest that spatial information is coded in the [Ca2+Ii signals in an unequal distribution of steady state [Caz+Ii between different parts of the neutrophil, rather than by rapid unidirectional spreading of [Ca2+Ii elevations (Ca2+ waves).
MATERIALS AND METHODS
Isolation of human neutrophils. Human neutrophils were purified as previously described! In brief, blood was obtained from healthy adult volunteers, using citrate-containing syringes. Whole blood was allowed to sediment on Dextran T500 after which the neutrophils were isolated in a Ficoll gradient (Pharmacia Fine Chemicals, Piscataway, NJ). The contaminating erythrocytes were eliminated by a 15 to 20-second hypotonic lysis in distilled water. The neutrophils were washed twice before resuspension in Ca" medium, Loading the cells with fura-2/AM. The procedure for homogeneously loading neutrophils with fura-2 has been described previously." Briefly, the cells were suspended at a concentration of 107/mL in Ca2+ medium supplemented with 0.1% HSA, ([Caz+]out = low3 mom), or in Ca2+-free medium, the same medium with no CaClz and supplemented with 1 mom EGTA ([Ca2+]out = mom). The fluorescent indicator fura-UAM (Molecular Probes, Inc, Eugene, OR) was added to a final concentration of 2 pmol/L. The cells were then centrifuged (200g, 5 minutes) and resuspended in Ca2+ or Ca2+-free medium for the adherence and phagocytosis experiments.
Surface phagocytosis of complement-coated yeasts. Yeast particles (Saccharomyces cerevisiae), opsonized with 25% normal human serum, were attached to glass coverslips by allowing the yeast particles to sediment at 37°C in a volume of 50 pL at a concentration of lo6 particledml, to have a dense single particle distribution. The coverslips, attached to tissue culture dishes that had a hole drilled out of the bottom, were then mounted in a temperature-controlled chamber of the inverted microscope.'2 A total of lo5 neutrophils in a volume of 10 pL added to 0.5 mL of medium in the chamber were allowed to sediment and adhere to the yeast-coated coverslips. They were continuously observed and their [CaZ+li recorded.
[Ca2'Ii recording by video microscopy and ratio-imaging. An intensified CCD camera (ISIS-E, Photonic Science, Robertsbridge, UK) was used to collect the images. Microfluorimetry was performed with a Spex Fluorolog 2 modular fluorimeter (Spex Instruments Inc, Edison, NJ) with twin, high pressure xenon arc lamps fitted with grating monochromators and connected to a Nikon Diaphot-TMD inverted epi-fluorescence microscope (Nikon, Tokyo, Japan). We used Nikon objective UVF 40. The microscope was placed in a thermostated box and kept at 37°C. By the use of an electronic device, the solutions were precisely maintained at 37°C through a thermosensor and a feedback loop controlled resistance. Excitation light was at 340 and 380 nm (10 nm bandwidth) and alternated by a rotating chopping mirror driven by a stepper motor and synchronized to the video signal by the image processor (Synoptics, Cambridge, UK). Emitted light was passed through a 400-nm highpass dichroic mirror and filtered at 510 nm (10 nm bandwidth). This set-up can provide a pair of 340-, 380-nm video images every 80 milliseconds. The synchronization of the speed of the rotating mirror with the video signal was continuously monitored on an oscilloscope. The latter was also used to check the gain of the video camera for the correct dynamic range. The video signal from the camera was digitized at 8 bits per pixel, stored in the memory of the imageprocessor (Imagine, Synoptics, Cambridge, UK), hosted by a DELL 486D/66 computer (DELL Computer S.A., Geneva, Switzerland). The image processor was programed to form from each successive pair of frames a real time ratio image, which was recursively filtered with a 200 millisecond time constant. Recursive filtering slightly reduced temporal resolution as judged by comparison with the kinetics of [Ca2'], changes, but markedly improved ratio image quality. Ratio images were stored on videotape (Sony U-matic; Sony AG, Schlieren, Switzerland) for subsequent processing. Video images resulting from the ratio calculations were displayed on-line on a high-resolution analog monitor (Barco CD 351; Barco Ltd, London, UK). Formation of the ratio image was implemented in a look-up table, computed after the formula from Grynkiewicz et all3: [Caz+Ii
where R is the ratio of fura-2 fluorescence with 340 nm excitation divided by the fluorescence with 380 2195 nm excitation for each pixel; Rmax is the ratio when all the fura-2 is bound to Ca"; Rmin is the ratio when all the fura-2 is in the unbound form; p is the ratio of fluorescence of free fura-2 divided by the fluorescence of Ca2+ bound fura-2 with 380 nm excitation;
I & is the dissociation constant for fura-2 binding to Caz+ and was assumed to be 224 n m~l / L . '~
The calibration values used were obtained in situ as described by Jaconi et al.'' Recorded video data were played back through the image processor, using a false-color representation of image intensities and Ca2+ concentration and to allow individual pictures to be captured on disc. For mass storage we used a WORM laser disk (IBM 3363, Zurich, Switzerland). Off-line image processing, including the calculations producing the kinetics of [Ca"], levels averaged over a selected area of the cell, was done with programs written in the Semper image processing language (Synoptics, Cambridge, UK). Hard copies of false color images were taken with a 35-mm reflex camera on Kodak color film (Ektachrome 100 ASA; Eastman Kodak, Rochester, NY) from the For personal use only. increase time from basal to peak [Ca2+Ii measured in 10 cells was 6.5 5 2.5 seconds. The increase was much faster than the decrease, which could last for more than a minute. In fact, the changes at the initial contact were the fastest [CaZ+li increases we observed in human PMNs. In the cell shown in Fig lA, [CaZ'li increased from 70 to 240 nmoYL in 1. 4 seconds. Note that the imaging approach used here resolved these fast changes very well.
[Ca2'Ii changes during initial adherence were homogeneous over the entire cell, with occasionally an apparent blunting in the central region of the cell. No polarity in the X-Y plane could be detected during this increasing phase.
Note, however, that the cell is functionally polarized between the lower (adherent) and the upper (nonadherent) parts of the neutrophil. Microfluorimetry would never pick up a corresponding potential polarity of the [Caz+Ii signal, given the poor spatial resolution of optical microscopy along the Zaxes. Potential polarity of the [Ca2+Ii signal generated by activation of adherence receptors was further analyzed during phagocytosis (see below).
Initial spreading, chemotactic movement, and phagocytosis. As reported previously,6 the initial [Caz+Ii elevation was followed by the spreading of the neutrophil. In the presence of phagocytosis targets, the spreading was followed rapidly by chemotactic movements and the extension of pseudopods in the direction of the particles to be ingested. Two controversial aspects were carefully investigated in this situation: first, the temporal (and inherently the causal) relation between the increase in [Ca2+Ii and the shape change; second, the polarity of the [CaZ+li signal during cell movement and cell-to-particle contact. In Fig lB, the localized [Ca2+Ii changes are shown for the two extremities of a neutrophil during contact and ingestion of a yeast particle. It can be observed that the initial increase in [Caz'li occurs simultaneously in both parts of the cell and that the amplitudes reached are the same. This example illustrates that the rapid [Ca2'li increase occurring just after contact with the yeast are normally not polarized.
The correlation between shape change and variation in [Ca*'], is shown in Fig 2. It is obvious from the data pre- For personal use only. on September 24, 2017. by guest www.bloodjournal.org From (pictures 2 and 9) and a transient gradient was established (pictures  3 through 6 and pictures 10 through 14) . < sented here (Fig 2 ) and earlie8 that the massive and rapid [Ca2+Ii increase at initial contact with the bottom of the experimental chamber (Fig 2C, 2 through 5 ) precedes the subsequent spreading and movement (Fig 2C, 6 through 10) . The spreading then cannot be the cause of this initial [Ca2+Ii increase, and, in fact, the latter could be required for the reorganization of the cytoskeleton during the shape change.
We have reported earlier that during the subsequent shape changes and random movement, the change in circularity preceded the onset of the [Ca2+Ii increases.I6 Together with specific data obtained when using antibodies against adherence receptors, this observation suggested that the moving neutrophil would be stimulated by newly adhering parts of the plasma membrane, and the substrate contact of the adherence receptors in these parts elicited further [Ca2+li transients.
The example in Fig 2 shows a marked change in circularity caused by the extension of the pseudopod, which was followed by a [Ca2+Ii transient. For comparison, the rapid initial increase in [Ca2+Ii and the subsequent slight reduction of the circularity can be considered (Fig 2A and B) . Extension of a pseudopod polarizes the neutrophil and, therefore, defines a progressing and a trailing part. The example in Fig 2A  (inset) shows that this polarity was not correlated with a polarity in the initial [Ca2+Ii increase. This was homogeneous over the entire cell body, with the exception of the first stages of protrusion, for which the growing pseudopod appears to be at slightly lower [Ca2'Ii than the rest of the cell.
Are there ea2+ waves in moving neutrophils? Large capacity immobile Ca2+ buffers limit the free diffusion of Ca2+ in the cytosol. The spreading of a Ca2+ signal through a cell requires Ca2+-induced Ca2+ release from internal stores. Based on this mechanism, an increase in [Ca2+Ii is propagated in the form of a Ca2+ wave, ie, [Ca2+Ii transients occur sequentially at different cellular sites. It has been suggested that Ca2+ waves provide neutrophils with directional sign a l~.~ Figure 3 illustrates that [Ca2+Ii imaging data on human neutrophils in their pseudo color representation can be very suggestive of Ca2+ waves. Indeed, when considering the [Ca2+Ii images in Fig 3B of a cell moving to the left, just after contact with a yeast particle, one might accept the conclusion that a CaZ+ wave was crossing the cell from left to right. This and a series of other examples were analyzed in detail by establishing the kinetics of the [Ca2+li changes in selected parts of the cytosol at high-time resolution. The data given in Fig 3A show that the onset of the [CaZ+li increase in the left part (upper trace) is simultaneous with that in the right part (lower trace). Furthermore, the slope at the two sites is different. Due to a difference in the prespike level and the steeper slope, the intuitively important threshold from yellow to red is crossed 3 to 4 seconds earlier on the left side of the cell. This erroneously suggests a CaZ+ wave.
The same analysis was included in the examples shown in Figs 1 and 2 , illustrating that Ca2+ waves were not detected in this study during initial [Ca2+li increases caused by contact with yeast particles and phagocytosis.
It is also evident from the data in We have observed that the [Ca2+Ii transients in neutrophils can occur as single spikes and that each transient is related to a specific event. This is illustrated in Fig 4. This neutrophil displays six [CaZ+li transients: one at initial contact with the substratum, one at the onset of chemotactic movement, and four on the phagocytosis of four individual yeast particles. It can be seen in the ratio images that the rapid increase at the onset of phagocytosis is homogeneous over the entire cell body (images 2 v 1, and 9 and 10 v 8). In contrast, the region containing the newly established phagosome remains elevated for a longer period than the remainder of the cytosol.
[Ca2'Ii signals triggered by multiple consecutive phagocytic events require the replenishment of Ca2+ stores by Caz+ influx, as illustrated in Fig 5. PMNs have normal phagocytic activity in the absence of extracellular Ca2+.I9 However, the [Ca2+Ii transients associated with the phagocytic events are lost with time. The initial two engulfments of yeast particles in Fig 5 are accompanied by large transients with the characteristics described earlier for transients in Ca2+ containing medium, ie, a homogeneous increase during onset (images Xenopus oocytes where these waves trigger the processes following fertilization." Frequently, the localized [Ca2+Ii changes are the triggers for a self-propagating mechanism of Ca2+-induced Ca2+ release, spreading the change across the cells in organized directional waves. These waves repeat themselves at regular intervals, and it was, in fact, the resulting oscillations of the average [Ca2'Ii in single cells that were first observed.I8
[Ca2'], waves are potentially interesting directional signals, and [Ca2+Ii oscillations would represent an elegant way for analog-to-digital conversion of intracellular messages. Hence, a specialized literature has evolved on the subject. Various models are being proposed and tested, and the basic phenomenon has been extrapolated from Ca2+ to other second messenger^.^'-*^ To describe potential Ca2+ waves in small cells, such as the neutrophil, specific tools are required. If the monitoring of [Ca2'Ii with fluorescent probes is chosen, only an imaging device that produces reliable [Ca"], information with sufficient time resolution is appropriate. The spreading speed of a typical Ca2+ wave is estimated to be between 10 and 100 p d s . Thus, the [Ca2+Ii imaging strategy has to produce ratio images at a rate of at least 10 ratios/ second. We have applied the appropriate strategy and were helped by the fact that we could obtain this temporal resolution during long recordings (30 minutes or more), observe the ratio signal on-line, and correlate the [Ca"], changes with specific events. We did not find evidence for [Ca"], waves. This is in contrast with the report by Schwab et al, 7 describing the spreading of a [Ca2'Ii wave across elongated neutrophils on the contact with a yeast particle. The interpretation of the results by Schwab et al' can be questioned in view of the methods, because the imaging technique engaged to show [Ca"], waves was to record in short intervals a series of fura-2 fluorescence images at a single excitation wavelength, and to reference those with images taken before and after the [Ca2+], wave event (see Materials and Methods). This strategy makes it impossible to analyze [Ca2+], kinetics as it was done in the present study (eg, Fig 3) . Thus, what appears as a [Ca"], wave in the experiments by Schwab et a17 could also be a consequence of a change in cell thickness, a shift in the focus, or represent, as in our Fig 3, a generalized [Ca2+Ii increase from an uneven starting [Ca"], distribution.
However, our strategy had the following shortcomings: (1) no resolution of any relevance in the Z-axis, thus we could not detect Ca2+ waves in the direction of observation, but only in the XTY-projection of the neutrophil; (2) an additional mobile Ca'+ buffer introduced in the form of the Caz+ probe, which could accelerate Ca2+ diffusion and override slower Ca2+ spreading mechanisms; and (3) potential sequestration of a fraction of the Ca2+ probe, perturbing the signal. Within the limits defined, the present study excludes Ca2+ waves as important directional signals in neutrophils. This is in agreement with the general conclusion of a recent review on regulation of leukocyte locomotion by Ca2+.' Certainly during phagocytosis, no reliable sign for organized directional spreading of the [Ca2+Ji signal was observed.
In contrast, this study confirms that neutrophils can maintain uneven [Ca"], levels ([Ca"Ii gradients over many seconds). The areas of elevated [Ca2'l, are dynamically reorganized during multiple phagocytotic events and are normally associated with the part of the cells containing the newly developed phagosome. The [Ca?'], changes are not prerequisites for phagocytosis, but rather its consequence. Therefore, it appears likely that they function to provide a zone of elevated [Ca2+Ii that could direct granule movement towards. and granule fusion with, the phagosome. Recent collaborative work from this laboratory suggests that the reorganization of the InsP, releasable Ca2+ stores (the calciosomes) provide the basis for the uneven [Ca"], signals in phagocytes.'"
